The potential antiproton excess in the AMS-02 data is of much interest and can probably come from dark matter annihilations. Based on the effective field theory approach, in this work we investigate the compatibility of the DM interpretation of the AMS-02 antiproton excess and the null results from direct detection experiments, LUX, PandaX-II, and XENON1T. We focus on dimension-five and -six operators with fermion DM. Only one of dimension-five and one of dimension-six operators can successfully account for the antiproton excess, while the rest either are excluded by direct detection or require very small cut-off scales which invalidate the effective field theory approach.
I. INTRODUCTION
In the past decade, there has been significant progress in dark matter (DM) searches, either from underground nuclear recoil experiments (direct detection; DD) or from space-borne γ-ray and cosmic ray observations known as indirect detection (ID). The sensitivity of DM-nucleon interaction measurements has been improved rapidly in the recent years. The liquid xenon detectors such as LUX [1], PandaX-II [2, 3] , and the first ton-scale detector XENON1T [4] gradually push the bounds on the DM-nucleon interaction strength closer to the neutrino floor, which refers to the background from solar and atmospheric neutrinos scattering off nuclei. The latest XENON1T result sets an upper limit on the spin-independent (SI) DM-nucleon cross-section to be ∼ 10 −46 cm 2 for the DM mass m χ around 30 GeV. Such a stringent limit not only implies small DM-quark coupling strength but also constrains loop-induced interactions in leptophilic DM scenarios; see, for example, Refs. [5] [6] [7] [8] . On the other hand, there exist several anomalies in the cosmic ray and γ-ray data, such as the Galactic center GeV excess [9, 10] , the positron fraction excess [11] [12] [13] , and the excess on the total electron and positron flux [14] [15] [16] [17] . In addition, a potential antiproton excess around 10 GeV [18, 19] has been recently suggested based on the very precise AMS-02 data [20] . Although astrophysical sources such as pulsars can account for the γ-ray and positron excesses (for a recent review, see Ref. [21] ), it is non-trivial to simultaneously accommodate the antiproton excess and satisfy the constraints from the Boron-to-Carbon (B/C) ratio [22] with an astrophysical model. Alternatively, DM can also provide a possible solution to the antiproton excess. Besides, DM models, which can realize the AMS02 antiproton excess, may simultaneously explain the γ-ray excess at the Galactic center and the tentative γ-ray emission from a few dwarf galaxies or clusters [19, [23] [24] [25] [26] [27] .
If DM particles annihilate into standard model (SM) final states, the favored DM mass m χ by the antiproton excess is around (60 − 100) GeV, and the corresponding annihilation cross-section σv is, for example, about (0.7 − 7) × 10 −26 cm 3 s −1 for the bb final state [28] (similar results were obtained in Refs. [23, 29] ). It indicates sizable couplings between DM and quarks, and thus one should scrutinize the DM interpretation with the DD data.
In this work we employ the effective field theory (EFT) approach to describe the interactions between the DM and SM particles. It enables us to study the low-scale interactions between the DM and SM sectors in a generic way without considering specific underlying theories. Assuming DM-SM couplings of O(1), the cut-off scale Λ has to be at least twice the mass of DM such that the underlying mediator cannot be on-shell, ensuring the validity of the EFT approach. On the other hand, the momentum exchange between DM and nuclei in DD experiments is typically around 100 MeV, which is much lower than the DM mass and the cut-off scale of interest. As a result, the usage of EFT on computation of DM-nuclei scattering cross-sections is well-justified.
One nonetheless has to take into account the renormalization group (RG) running of the Wilson coefficients from the cut-off scale down to the hadronic scale (∼ 2 GeV), followed by the matching with the nuclear theory as the DM particle scatters off the whole nuclei instead of interacting with individual constituent quarks. To properly includes the effects of the RG running and nonperturbative matching, we follow Refs. [30] [31] [32] .
This paper is organized as follows. In Sec. II we describe the likelihood calculation based on the antiproton and DD data. In Sec. III, we spell out the selective effective operators of dimensionfive (dim-5) and dimension-six (dim-6), which describe how DM couples to the SM particles.
Subsequently, we present favored regions on the (m χ , Λ) plane by the AMS-02 antiproton data as well as the constraints from the combined DD data in Sec. IV. We summarize our study in Sec. V.
II. METHOD
In the following, we will present our results in terms of the Bayesian posterior 95% credible region (CR). The prior distributions employed here and how to construct the likelihood functions for the AMS02 antiproton and direct search data will be illustrated in this section.
A. Likelihood of AMS-02 antiproton data
The propagation of cosmic rays in the Milky Way is calculated by the GALPROP package [33, 34] . The propagation and primary source parameters, denoting as background parameters θ bkg , are determined through a global fitting [35] to the recent AMS-02 measurements on the B/C ratio [22] and the Carbon flux [36] . The posterior distribution of θ bkg from the fitting will be included as an updated prior. The background antiprotons are produced via inelastic collisions between cosmic ray nuclei and the interstellar medium. The recently updated parametrization of the antiproton production cross-section from nuclei-nuclei collisions [37] has been adopted to calculate the production of background antiprotons which are then propagated with the same propagation framework. The posterior probability for a given antiprotons spectrum from the DM annihilation, φ DM (E), can be written as
where κ denotes a constant scale factor multiplied on the background flux which characterizes the uncertainties of the production cross-section [37] . The symbols p(κ) and p(θ bkg ) are prior distributions of κ and θ bkg , respectively. The likelihood function of model parameters (θ bkg , κ, φ DM )
is
In the above expression, F i and σ i are the observed flux and the corresponding error from the AMS-02 data, while F bkg,i and φ DM,i correspond to the calculated background and DM-origin antiproton flux in the i-th energy bin.
The propagated flux of the DM component also depends on the background parameters θ bkg , which makes the calculation of Eq.
(1) non-trivial as shown in our previous work [19] . Following Ref. [28] we employ an approximation in calculating the likelihood of the DM component as follows. The DM-induced antiproton fluxes for different values of the background parameters are found to span in a not-too-wide band around the mean flux which is calculated with the mean parametersθ bkg . Therefore we include an additional constant factor f to characterize the uncertainties of φ DM associated with the background parameters, i.e., φ DM (θ bkg ) = f φ DM (θ bkg ). In this way, Eq. (1) can be approximated as
in whichφ DM ≡ φ DM (θ bkg ). We numerically confirm that the approximation yields very similar results to those without the approximation as displayed in Appendix A.
In Fig. 1 we show the preferred regions on the (m χ , σv ) plane by the AMS-02 data given different annihilation channels. The DM density profile is assumed to be the Navarro-Frenk-White profile [38] . For each annihilation channel, the 68% and 95% credible contours are plotted. For light quarks the favored DM mass and annihilation cross-section are m χ ∼ 45 GeV and σv ∼ 
where i = PandaX-II, LUX, XENON1T. As explained in Ref. [8] , the likelihood function of each experiment depends on the efficiency of the analysis cuts. Therefore, we use the event rate R (per day per kg) as the observable instead of the cross-section. Following Ref. [8] , we includes two types of likelihoods, the Poisson-Gaussian (PG) one for PandaX-II and XENON1T, and the Half-Gaussian (HG) one for LUX: Finally, we can write down the posterior distribution based on the total DD likelihoods, given the DM mass m χ
where we include a Jacobian dR dΛ to ensure that our credible regions are finite. For each m χ , a lower limit of Λ at 95% CR can be inferred.
III. EFFECTIVE OPERATORS
In this section, we list the selective effective operators up to dim-6 which characterize the interactions between the DM and SM particles. We here confine ourselves to fermion DM, denoted by χ. The dim-5 operators are [30, 40 ]
where H is the SM Higgs doublet, F µν is the electromagnetic field strength tensor and 
4 as they are usually loop-induced. The dim-6 operators are
where q explicitly refers to the SM quarks in light of the anti-proton excess, and leptonic final states will not be considered here.
We do not include the scalar-type operators, such asχχ(qq), which can be generated from O by integrating out the Higgs field below the electroweak scale. On the other hand, tensor operators such as (χσ µν χ)(qσ µν q) arise from the S U(2) L -invariant dim-7 operator, (χσ µν χ)(Q L σ µν u R )H and therefore will be neglected in our analysis. The χ particle can be either Dirac or Majorana. For
4 , O
1 , O
3 and O
5 will vanish. Interestingly, operator O
5 with Dirac DM could explain the Galactic center gamma-ray excess as well [41] .
As pointed out in Refs. [42] [43] [44] [45] [46] [47] and recently demonstrated in Ref. [8] , a certain ratio of DMneutron coupling to that of DM-proton (c n /c p ) can significantly suppress the DM-nuclei scattering rate owing to the destructive interference between the proton and neutron contributions, so-called maximum iso-spin violation (ISV). In case of c n /c p = 1, one has iso-spin conservation (ISC).
Although a precise value of c n /c p for maximum ISV depends on the experimental setup, an approximate ratio can still be estimated according to the published efficiency from PandaX-II, LUX, and XENON1T as shown in Ref. [8] . Because of the maximum cancellation, the weakest DD limit in maximum ISV can be regarded as a conservative bound.
To facilitate analysis, the ratio c n /c p is translated into the coupling ratio of DM-up type quark to DM-down type quark, c u /c d . We note that different values of c u /c d will also slightly shift AMS02 favored regions in the plane of m χ and Λ. For computation of the DM event rate, we employ the DirectDM code [32] to RG evolve the effective couplings from the electroweak scale down to the scale slightly higher than the QCD scale, and then match to the DM-nucleon coupling by using the chiral perturbation theory. That can be done via the existing tools in order: Except for O (6) 1 and O (6) 2 , whose couplings are simply the SM Yukawa or gauge couplings, the dim-6 operators the ratio c u /c d is unconstrained. In Fig. 2 , we display the required c u /c d to achieve maximum ISV. The ratio depends on the DM mass but remains constant for large DM masses.
Finally, we should point out that EFT is only valid if the mediator is much heavier than DM, i.e., the cut-off scale should be larger than twice the DM mass: Λ > 2 m χ , assuming the relevant 
to avoid an unphysical enhancement from large values of H /Λ. On the other hand, as long as Λ is larger than the scale of DM-nuclei momentum exchange (∼ 100 MeV), the derived DD bound based on EFT is reliable, provided that the RG evolution and the matching to the nuclear theory are properly included.
IV. RESULTS
In this section, with the help of a modified version of the LikeDM package [8] we investigate if any of the operators in Eqs. (7) and (8) 
4 whose cross-sections are manually computed and collected in Appendix B. Furthermore, for the dim-6 operators we display both ISC and ISV DD constraints to demonstrate how much the limits can be mitigated by ISV.
In Table I 
6 , the annihilation cross-section is proportional to the final-state fermion mass as indicated by m 2 q , and thus suppressed for light quarks. The operators Q i is DM non-relativistic operators for DD, defined in Appendix C.
Dimension-five operators
In Fig. 3 , the two upper panels correspond to O
1 and O
2 while the lower ones are O
3 and O (5) 4 . The red curve corresponds to the lower limit on Λ at 95% CR from the combined DD measurements; namely the region below the red curve is excluded. The blue contours stand for the 68% (inner) and 95% (outer) CR preferred by the AMS02 antiproton data. The EFT approach for DM annihilation cross-section computation becomes unreliable within the grey shaded area as mentioned above in Eq. (9). Moreover, in Table II we list the annihilation branching fractions for few benchmark points that are located in the best-fit regions to highlight dominant contributions.
Apart from operator O 4 ) which needs a small value of Λ to counterbalance. In other words, the EFT results are not accurate in these cases and effects of mediators which connect the DM and SM sectors, such as the resonance enhancement, have to be taken into account. By contrast, the lower bounds on Λ derived from the combined DD data are above the DM-nuclei momentum-transfer scale ( 100 MeV), implying EFT computation of DM-nuclei 
4 (bottom-left and bottomright). The red curves denote the lower limit on Λ at 95% CR derived from the combined DD measurements, while the blue contours represent the 68% (inner) and 95% (outer) favored region by the AMS02 antiproton data.
scattering is legitimate.
There are more than one favored region for operators O than that of O 4 is enhanced at low energies and actually becomes stronger than that of O (5) 3 which has an unsuppressed SI interaction [8] . In other words, O
4 has a more stringent constraint on Λ than O (5) 3 as can be seen from Fig. 3 . All in all, except for O (5) 2 all the best-fit regions fall into the regime where the EFT approach is no long valid. In general, in the absence of any cross-section boost mechanism such as resonance enhancement, the annihilation cross-section based on EFT should not be very different from that of the corresponding underlying theory. In other words, due to the fact O (5) 1,3,4 have the best-fit regions far below the DD bound, they will most likely be ruled out by direct searches unless, for example, an enormous resonance enhancement is involved, implying severe fine-tuning.
Dimension-six operators
In Fig. 4 , we present the DD bounds for the ISC (solid red) and maximum ISV (dashed red) scenarios and also the best-fit regions to the AMS02 antiproton excess (blue). Due to the maximal cancellation, the limits on Λ can be lowered by roughly one order of magnitude while the favored regions are not very sensitive to values of the ratio c u /c d -in some cases ISV features slightly larger Λ. Note that similar to the dim-5 operators, DM-nuclei scattering cross-section computations based on EFT are valid since the momentum transfer is much smaller than Λ. As in the dim-5 case, the branching ratios of the final states are listed in Table III for few benchmark points within the best-fit regions and only ISC is shown.
For operators O
2 , DM can annihilate into SM particles via H (with one Higgs VEV), or Z exchange (two Higgs VEVs) in addition toχχ → HH. The favored region of O (6) 1 is dominated by the Z exchange as can be seen from Table III that the branching ratios of the quarks are comparable and the resonance enhancement (larger Λ for compensation) occurs around m χ = m Z /2. By contrast, the processesχχ → H →bb,
2 , and the resonance enhancement takes place at m χ ∼ m H /2. Operators O (6) 3,4,5,6 couple to quarks only and so the branching ratios into quarks are similar, except for O (6) 6 whose cross-section is proportional to the final state mass and hence dominated by thebb channel.
All in all, beside operator O (6) 5 , the rest of dim-6 operators cannot explain the antiproton excess since either the EFT approach breaks down (O (6) 2,4 ) or they are excluded by the DD constraints (O (6) 1,2,3,6 ). In fact, unlike the dim-5 operators above, some of the best-fit regions are quite close to the DD lower bounds and therefore the DD limits can potentially be avoided by a moderate boost on the annihilation cross-section from the underlying UV theory.
V. SUMMARY AND CONCLUSION
The antiproton flux excess on the AMS02 data can be realized by DM annihilations into SM particles. Moreover, the DM mass range required to account for the excess coincidentally overlaps with those of the DM explanation for the Galactic center gamma-ray excess [9, 10] . One, however, should carefully exam if other experimental bounds will rule out this possibility. As a consequence, in the EFT framework we apply the constraints derived from the latest DM direct detection data to DM models in the parameter space of the DM mass m χ and the cut-off scale Λ. In this work, we study fermion DM only and focus on dim-5 and dim-6 operators listed in Eqs. (7) Furthermore, we calculated the most updated DM direct detection likelihoods from LUX, PandaX-II, and XENON1T. From the likelihoods of the AMS02 antiproton and latest DD data, we attain the favored regions and exclusion limits respectively on the plane of (m χ , Λ). In the DD analysis, the RG evolution of the Wilson coefficients and the matching to the nuclear theory are properly taken into account.
Note that for those operators with a velocity-suppressed annihilation cross-section, to realize the antiproton excess the corresponding cut-off becomes so small that the EFT approach is no longer valid. On the other hand, the DM-nuclei scattering can be reliably computed based on EFT as the momentum exchange scale is of O(100 MeV), much smaller than the scale of interest.
We have found that the only effective operators which can reproduce the antiproton excess and avoid the DD bounds are those with an unsuppressed annihilation cross-section (s-wave) but with a suppressed (either by velocity or momentum) DM-nuclei scattering interaction. Therefore, only O (5) 2 and O (6) 5 satisfy these two requirements. The former has a momentum-suppressed SI interaction (Q 11 ) while the latter has a momentum-suppressed SD interaction (Q 7,9 ). Besides, for dim-6 operators O (6) 3,4,5,6 , one can choose different couplings for the up-and down-type quarks to obtain ISV, alleviating the stringent DD bounds. In this case, the antiproton best-fit regions of O (6) 3,6 are actually not far below the DD limit in case of ISV. That implies that if the underlying UV theory exhibits a certain boost mechanism for the annihilation cross-section such as resonance enhancement, these kinds of operators can also accommodate the antiproton excess without being excluded by the DD experiments. On the other hand, operators O ) 3,6 , the best-fit region is close to the DD limit in case of ISV. The underlying model with a moderate boost on the annihilation cross-section can still reproduce the excess and escape the DD constraints. where the parameters Q f and m f are the electric charge and mass of the SM fermion f , respectively. We set the relative velocity to be v ∼ 10 −3 c.
Appendix C: DM non-relativistic operators for direct detection
The non-relativistic quantum mechanical operators are listed in the Table IV, obtained from Refs. [48, 49] . The operator S χ (S N ) is the DM (nucleon) spin, the vector q is the transfer momentum, and v ⊥ is the velocity perpendicular to q, defined as v ⊥ = v + q/(2µ χN ) where µ χN is the DM-nucleon reduced mass. The operators from O 1 to O 11 correspond to interactions mediated by spin-0 or spin-1 particles.
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